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DObjective:Despite the early introduction of totally endoscopic coronary artery bypass on the beating heart, only
a limited number of cases have been performed. The limiting factor has been the concern about safety and graft
patency of the anastomosis. This study describes our experience with totally endoscopic coronary artery bypass
on the beating heart with robotic assistance and its early and midterm results.
Methods: In 365 cases of robotic cardiac operations, 162 patients underwent robotic coronary artery bypass
grafting on the beating heart, of whom 60 patients (46 male, 14 female) underwent totally endoscopic coronary
artery bypass on the beating heart. The patients’ mean age was 56.97  9.7 years (33–77 years). Left internal
thoracic artery to left anterior descending anastomosis was performed using the U-Clip device.
Results:We completed 58 totally endoscopic coronary artery bypass procedures, in which 16 patients received
hybrid procedures. Two patients had conversions to a minithoracotomy. The average left internal thoracic ar-
tery harvesting and anastomosis times were 31.3  10.5 (1855) minutes and 11.3  4.7 (521) minutes,
respectively. The mean operating room and operation times were 336.1  58.5 (210580) minutes and
264.8  65.6 (150420) minutes, respectively. The drainage was 164.9  83.2 (70450) mL. Before dis-
charge, 50 patients underwent angiography and 8 patients underwent computed tomography angiography,
and the study showed that graft patency was 100%. Unexpectedly, the left internal thoracic artery graft devel-
oped a collateral branch in 2 patients. After discharge, all patients were followed up by computed tomography
angiography. The average follow-up time was 12.67  9.43 (1–40) months. One patient had gastric bleeding
after surgery.
Conclusions: Totally endoscopic coronary artery bypass on the beating heart is a safe procedure in selected
patients and produces excellent early and midterm patency of anastomosis. (J Thorac Cardiovasc Surg
2011;142:843-9)Conventional coronary artery bypass grafting (CABG) pro-
vides complete revascularization with excellent long-term
results. The current tendency is to performoperations through
smaller and smaller incisions to reduce hospital stay and to
hasten postoperative recovery. After the introduction of
robotic telemanipulators, totally endoscopic coronary artery
bypass (TECAB) procedures became feasible in the late
1990s. Loulmet and colleagues1 performed the first TECAB
procedure on the arrested heart in 1999, and subsequently
several investigators reported TECAB on the beating
heart.2-7 Despite these milestones, only a limited number of
cases have been performed worldwide. The limiting factor
has been concern about safety and graft patency of the
anastomosis. Since 2007, we have performed more than 360e Minimally Invasive and Robotic Cardiac Surgery Center, Department of
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The Journal of Thoracic and Cacases of robotic cardiac surgery.8-11 This study describes
our single-center and single-surgeon experiencewith TECAB
on the beating heart with robotic assistance and its early and
midterm results.MATERIALS AND METHODS
From 2007 to 2010, with approval from the institutional review board of
PLA General Hospital and informed consent, we performed 365 cases of
robotic cardiac operations with the da Vinci S Surgical System (Intuitive
Surgical Inc, Sunnyvale, Calif) in 365 patients, 162 of whom underwent ro-
botically assisted CABG on the beating heart, including hybrid approaches
for patients with multivessel diseases, in which 60 patients (46 male and
14 female) underwent TECAB on the beating heart. The mean age of pa-
tients undergoing TECAB was 56.97  9.7 (range, 33–77) years.
Patient Selection
Patients were considered eligible for enrollment in the study if deemed
appropriate candidates for first-time single-vessel left internal thoracic ar-
tery (LITA) to left anterior descending (LAD)myocardial revascularization
and their coronary angiogram showed total occlusion or significant stenosis
in LAD or double- or triple-vessel disease in which LAD involved total or
subtotal occlusion and non-LAD lesions were amenable to percutaneous
coronary intervention (PCI).
Exclusion criteria were patients with a history of left lung surgery, un-
stable hemodynamics, severe chronic obstructive pulmonary disease with
inability to tolerate 1-lung anesthesia, and an extremely dilated heart.rdiovascular Surgery c Volume 142, Number 4 843
Abbreviations and Acronyms
CABG ¼ coronary artery bypass grafting
CTA ¼ computed tomography angiography
ITA ¼ internal thoracic artery
LAD ¼ left anterior descending
LITA ¼ left internal thoracic artery
MIDCAB ¼ minimally invasive direct coronary
artery bypass
OPCAB ¼ off-pump coronary artery bypass
PCI ¼ percutaneous coronary intervention
RCA ¼ right coronary artery
TECAB ¼ totally endoscopic coronary artery
bypass
Acquired Cardiovascular Disease Gao et al
A
C
DProcedures
After routine induction of anesthesia, double-lumen intubation was car-
ried out for single right lung ventilation. External defibrillator patches were
placed on the chest, and the patient was positioned supinewith the left chest
elevated 30 degrees with the aid of a small bolster under the left chest. The
operative side arm with protective padding hung loosely supported by
a sheet. In female patients, the breast was positioned medially and after
sterile skin preparation was secured by an adhesive sheet during the
draping.
The console surgeon placed the camera and the instrument ports. Three
0.8- to 1.0-cm incisions were made in the third, fifth, and seventh intercos-
tal spaces 2 to 3 cm medial to the anterior axillary line (Figure 1). After
deflation of the left lung, a camera port was inserted through the middle in-
cision and carbon dioxide insufflation was initialed and maintained at an
average of 6 to 8 mm Hg, which may be increased to 12 mm Hg as
long as patients are able to maintain satisfactory hemodynamic status.
A 30-degree angle upward camera was inserted, and the thoracic cavity
and the location and course of the LITA were examined. The left and the
right instrument ports were inserted. The surgical cart with 4 arms was
brought in and docked to the camera and the instrument arm ports.
The robotic system was used to harvest the LITA completely from the
subclavian vein to the LITA bifurcation in a totally skeletonized fashion.FIGURE 1. The da Vinci S Surgical System (Intuitive Surgical Inc,
Sunnyvale, Calif) setup for TECAB surgery.
844 The Journal of Thoracic and Cardiovascular SurgHemoclips were used for larger branches, and cautery was used to cauterize
and transect the smaller branches. In a few cases, the LITAwas harvested
with the accompanying veins in case of close proximity of arteries and
veins. The LITAwas left attached to the chest wall with the connecting are-
olar tissue to prevent it from hanging over the pericardium. Pericardiotomy
was performed, the pericardium over the apex of the left ventricle was left
intact to prevent herniation of the heart, and the target vessel was identified
using a 30-degree angle downward camera.
The da Vinci S 12-mm cannula was inserted into the thoracic cavity
close to the left midclavicular line at the subcostal margin. All the
anastomosis supplies were passed into the chest through this port. After
systemic heparinization, the distal LITA was skeletonized completely
and partially transected obliquely leaving a small toe section attached.
Five S18-U-Clips were put outside-in in the far side of the partial transec-
tion of the LITA (Figure 2). The LITAwas fully transected and secured to
the epicardial fat to maintain the LITA location and orientation. After the
console surgeon took active control to position the endostabilizer at the
LAD to apply epicardial tension, the LAD was dissected and occluded
proximally and distally with saddle loops. The LAD arteriotomy was cre-
ated and anastomosed to the LITA using an interrupted parachuting tech-
nique. First, the 5 U-clips were put inside-out in the far side of the LAD,
and then, 3 more U-clips were put in the near side, and the internal thoracic
artery (ITA) was parachuted onto the coronary artery (Figures 3 and 4). The
saddle loop occluders were removed to check the anastomosis. Intravenous
lidocaine infusion was used during pericardiotomy and coronary
anastomosis to minimize ventricular arrhythmia. After protamine
administration, the graft flow was measured by the Medi-Stim (Medi-
Stim AS, Oslo, Norway) transit time probe. All accessories were removed
from the ports, a chest tube was placed, the robotic system was removed,
and all wounds were closed (Figure 5).RESULTS
Fifty-eight TECAB procedures were successfully com-
pleted, in which 16 patients received a stent in the right cor-
onary artery (RCA) or circumflex artery 4 or 5 days after the
TECAB in a hybrid procedure. All ITAs were harvested
without incidence of injury and were suitable for TECAB.
A total of 57 patients received in situ LITA to LAD anasto-
mosis, and 1 patient received in situ right ITA to RCA anas-
tomosis, which was explored through an infraxiphoidFIGURE 2. Five U-clips are put outside-in in the far side of the partial
transection of the LITA.
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FIGURE 3. Eight U-clips are inserted.
FIGURE 5. The wounds are closed.
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Dincision. Two patients had conversions to minithoracotomy
during the operation. Intraoperativeflowwasmeasured in all
cases, and the average graft flow was 35.8 18.2 (10103)
mL/min. The average LITA harvesting, coronary occlusion,
and anastomosis times were 31.3  10.5 (1855) minutes,
22.6 9.6 (7–40) minutes, and 11.3 4.7 (521) minutes,
respectively. The mean operating room time was 336.1 
58.5 (210580) minutes, and the mean operation time was
264.8  65.6 (150420) minutes. The learning curve is
shown in Figure 6, A and B. The average chest drainage
was 164.9 83.2 (70450)mL. Troponin-Tand creatine ki-
nase/creatine kinase-myoglobin levels were within normal
range. The average intubation time was 8.29  4.17 hours,
the average intensive care unit stay was 1.5  1.4 days,
and the average hospital stay was 5.0  1.5 days, 17% of
patients received blood or blood product infusion, and chest
drainage was 264.9 183.2 mL. One patient required reex-FIGURE 4. The ITA is parachuted onto the coronary artery.
The Journal of Thoracic and Caploration for bleeding after surgery. No patient had angina
after surgery. Before discharge, 50 patients (86%) under-
went coronary angiography. The remaining 8 patients un-
derwent computed tomography angiography (CTA), and
both angiography and CTA showed 100% graft patency
(Figure 7). The competitive flow in the LITA to LAD graft
was found on coronary angiography after surgery in 2 pa-
tients. Unexpectedly, angiography showed that LITA graft
in the middle segment developed a collateral branch in 2
patients (Figure 8); however, they were asymptomatic. Af-
ter discharge, all patients were followed up by CTA at 3,
6, and 12 months, and the study showed 100% graft pa-
tency. One patient had 50% stenosis in the anastomosis,
1 patient had low density in the ITA graft on computed to-
mography follow-up, and 1 patient had gastric bleeding 6
months after surgery. The average follow-up time was
12.67  9.43 (1–40 months). No other complications
were found.
Intraoperative Exclusion and Conversion
The intraoperative exclusion criteria were used for
technical or anatomic reasons that were not identified pre-
operatively. For example, dense pleural adhesions, intra-
myocardial coronary target, or hemodynamic intolerance
of CO2 insufflation. The intraoperative conversions were
defined as patients in whom a beating heart TECAB proce-
dure in progress had to be abandoned and converted to
a small anterior thoracotomy approach because the surgeon
could not proceed endoscopically, for reasons such as
patient instability, LITA injury, unsatisfactory anastomosis,
excessive bleeding, or robotic system malfunction.
DISCUSSION
Recent technologic advances have brought completely
new instruments into the heart surgery armamentarium
and enabled the development of minimally invasiverdiovascular Surgery c Volume 142, Number 4 845
FIGURE 6. A, LITA harvesting, coronary occlusion, and anastomosis times. B, Mean operating room and operation times. ITA, Internal thoracic artery;
OR, operating room; OP, operation.
FIGURE 7. Angiography shows graft patency.
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scopic stabilizer (Medtronic Inc, Minneapolis, Minn/Intui-
tive Surgical Inc), the use of computer-assisted surgical
systems, and the development of advanced telemanipula-
tion devices, the heart surgeon has had the possibility to per-
form cardiac surgery totally endoscopically. However, only
a limited number of cases of TECAB have been performed
worldwide.2-7,12-15 The limiting factor has been concern
about safety and graft patency of the anastomosis.
Since 2007, the author, as console surgeon, has performed
more than 360 cases of various types of robotic cardiac op-
erations,8-11 of which 162 patients underwent robotically
assisted CABG on the beating heart, including hybrid
approaches for patients with multivessel diseases. Of these
162 patients, 102 underwent minimally invasive direct
coronary artery bypass (MIDCAB) surgery on the beating
heart and 60 underwent TECAB on the beating heart.
As we know, the ultimate goal of minimally invasive
CABG is to perform the entire anastomosis in a closed
chest, to avoid the deleterious effects of cardiopulmonary
bypass, and to minimize the incision and surgical trauma.
Moreover, the superiority of ITA as a conduit has been
well established for long-term patency and event-free
survival.16,17 TECAB on the beating heart has brought
minimally invasive CABG close to this goal.846 The Journal of Thoracic and Cardiovascular SurgTECAB on the beating heart is technically demanding,
and there are several critical issues that we have to empha-
size for successful surgery. Although beating heart TECABery c October 2011
FIGURE 8. Angiography shows collateral branch.
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Dis feasible and safe,7,11 proper planning and patient selection
are critical for success, and grafting strategy should never be
compromised to complete revascularization. First, the
patients’ comorbidities should be considered. All patients
with pulmonary disease or poor ejection fraction should be
excluded because poor hemodynamics or low cardiac
output could develop during the procedure as the result of
CO2 insufflation, which decreases venous return. In
addition, cardiac stabilization could further decrease
cardiac output. Second, the location, quality, and
trajectory of the target vessel should be considered. This is
more important in TECAB than in open surgery because
the artery sometimes can be difficult to find if the vessel is
located in the fat or intramyocardial vessel. In our group, 1
case was converted to MIDCAB because of intra-
myocardial LAD during operation. If the vessel is
calcified, it could be more difficult to perform the
anastomosis robotically. Therefore, we think that diffuse
calcified and intramyocardial vessels should be exclusion
criteria for TECAB procedure. Third, the quality of the
target vessel is important. In off-pump coronary artery by-
pass (OPCAB) surgery, the bigger the vessel, the easier the
anastomosis and better the result, and totally occluded ar-
teries are ideal target vessels because there is rarely any is-
chemia during vessels occlusion and the time to perform
the coronary anastomosis is not an issue.18 However, in
using the da Vinci Surgical System, we have found that
the diameter of the vessel is not a problem for anastomosis
because a 3-dimensional 103 magnified view and
EndoWrist instruments (Intuitive Surgical Inc) allow for
precise placement of the U-Clips as long as the quality of
the target vessel is good.We also found the quality of totally
occluded vessel usually is not as ideal as we expected.The Journal of Thoracic and CaTherefore, we believe that the quality of the target vessel
is of paramount importance.
Suturing the anastomosis is the most demanding part of
TECAB on the beating heart because under the 103magni-
fication even the slightest movement of the target vessel
could compromise surgical manipulation, and it is some-
times difficult to assess the quality of the vessel wall be-
cause of the lack of tactile feedback. Therefore, finding
the right position for placing a stitch could be awkward. In-
terrupted anastomosis reduces the possibility of purse
stringing of a continuous suture and helps to overcome
the lack of tactile feedback inherent with the da Vinci Sur-
gical System.7Moreover, by using intravascular ultrasonog-
raphy, it has been proven that interrupted anastomosis with
surgical U-Clips is more compliant than anastomosis with
running sutures.19 We also found that a big bite of U-Clips
at the outside of the incision of target vessel is helpful for
hemostasis. Because the heart is not decompressed by using
cardiopulmonary bypass and the space in the thoracic cavity
is limited, CO2 pressure may be increased above the sug-
gested value up to 15 mm Hg as long as the heart is filled
sufficiently and contractility is not impaired. We must em-
phasize that the endostabilizer should not be compressed
too much on heart to avoid compromising contractility,
and a lighter touch rather than heavy compression can
also minimize the bouncing effect of the beating heart. In
addition, preconditioning ischemia may be useful to facili-
tate longer anastomotic time in instances of less than 80%
to 90% stenosis in a large proximal LAD. It is import to re-
member to rely on visional cues. Therefore, we believe that
robotic cardiac surgery should be conducted by surgeons
with extensive surgical experience in open techniques.
Optimal anesthesia will minimize occurrence of ischemia
in the target coronary arteries with significant stenosis. Con-
tinuous intravenous nitroglycerin drip is useful during the
procedure and for 24 hours postoperatively. The crucial
issue of anesthesia for the surgery is to deal with the hemo-
dynamic compromise, hypoxia, and hypercarbia relevant to
1-lung ventilation, and intrathoracic insufflation of CO2
with positive pressure.20
The results of the MIDCAB procedure with harvesting
the thoracic vessel and coronary anastomosis performed
through a minithoracotomy have been established.21 In
our group, 2 patients required conversion to MIDCAB dur-
ing the operation. One patient had an intramyocardial LAD,
in whomwe found the intramyocardial LADwas difficult to
anastomose to the LITA robotically. One patient had a dif-
fuse calcified RCA, in whom we anastomosed the right ITA
to diffuse the RCA robotically; however, blood flowwas not
satisfactory. We therefore explored the anastomosis with an
infraxiphoid incision. The intraoperative exclusion or con-
version was not considered as failure of therapy because
all these patients would have required an open approach.
Therefore, when it is necessary, we recommend conversionrdiovascular Surgery c Volume 142, Number 4 847
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without long operating times.22 In our department, 102 pa-
tients underwent robotic MIDCAB on the beating heart
with excellent follow-up results.
PCI is an established technique for coronary revasculariza-
tion; therefore, hybrid revascularization is an alternative ther-
apy for multivessel coronary artery disease in selected
patients in whom PCI is a poor option because of LAD
disease location.11,23 In our study, 16 patients underwent
hybrid revascularization in a staged approach with excellent
results.11
Robotic cardiac surgery requires real teamwork, and sur-
geons must overcome a substantial learning curve before
mastering TECAB on the beating heart. Our learning curve
is shown in Figure 6, A and B. The median time for ITA har-
vesting and operation significantly decreased with surgical
experience in terms of number of operations, but ITA har-
vest time decreased more rapidly than anastomosis time
with experience. Our learning curve was truncated because
the author, as console surgeon, simultaneously performed
a large volume of various kinds of other robotic cardiac sur-
geries with the same team in a relatively short time8-11 and
had experience of more than 1500 cases of OPCAB
surgery.24 Since we started our robotic surgical program,
our robotic team has not changed. Our experience showed
that with a well-trained robotic team and after a substantial
learning curve, we could achieve optimal results for
TECAB on the beating heart.
In our group, 86% of patients underwent coronary angi-
ography and the remaining 14% (8 patients) underwent
CTA before discharge because of patient refusal to undergo
angiography, and the studies showed 100% graft patency.
Angiography showed that the LITA graft in the middle seg-
ment had a collateral branch in 2 patients (Figure 8), which
was difficult to explain because the ITA was harvested in
a totally skeletonized fashion. What was surprising is that
the residual branches appeared to be located in the middle
segment of LITA, rather than in the highest anterior inter-
costal branch of the ITA in both cases. Neither of these pa-
tients has had stress ischemia to the LAD distribution so far
during follow-up. Our policy is that the skeletonized ITA is
harvested from the first rib to the distal bifurcation to avoid
this occurrence. After discharge, all patients were followed
up by CTA, which is easily tolerated and accepted by the pa-
tients, although conventional coronary angiography re-
mains the gold standard for evaluation of graft patency.25
Graft patency was assessed along the whole body of the
graft and at the anastomotic site. Patency of graft and anas-
tomosis was assessed according to Fitzgibbon and col-
leagues26: A (patent) ¼ excellent graft with unimpaired
runoff; B (partially patent) ¼ stenosis reducing caliber of
anastomoses or trunk to less than 50% of the grafted coro-
nary artery; O (occlusion) ¼ no blood flow. Although all
grafts followed up by CTA were found to be patent in our848 The Journal of Thoracic and Cardiovascular Surggroup, there were 2 patients with type B. One patient had
50% stenosis in the anastomotic site, and 1 patient had
low density in the ITA graft on computed tomography
follow-up. The competitive flow in the LITA to LAD graft
was also found in 2 patients on coronary angiography after
surgery. The reason might not be critical stenosis in the
LAD anastomosed to the arterial graft (LITA). One patient
had only 75% stenosis in the proximal LAD, and 1 patient
had approximately 85% stenosis in the proximal LAD be-
fore surgery. Our graft patency is comparable to the results
for conventional CABG and OPCAB surgery.Study Limitations
This was a retrospective study of a highly select group of
patients, performed in a single center by a single surgeon,
which are study limitations.CONCLUSIONS
TECAB on the beating heart is a safe procedure for cor-
onary bypass grafting in selected patients and produces ex-
cellent early and midterm patency of anastomosis and
surgical results. The procedure should be conducted by sur-
geons with extensive surgical experience in open techniques
and requires a stable and well-trained robotic team and
overcoming a substantial learning curve.References
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